A general procedure for the isolation of functionally intact phycobilisomes was devised, based on modifications of previously used procedures. It Phycobilisomes contain the phycobiliproteins which are major light-harvesting pigments in red and blue green algae (4). Isolation of PBS3 facilitates studies on characterization of their morphology, phycobiliprotein composition, and the interaction and reaggregation properties of the phycobiliproteins. PBS were first isolated without prefixation from the red alga Porphyridium cruentum in 0.5 M phosphate buffer on a sucrose step gradient at 4 C (6). The procedure was subsequently modified for some blue-green algae (1 1), but it was not generally applicable to other species, as judged from shorter wavelength fluorescence emission at 660 to 665 nm instead of 670 to 675 nm. Further modifications have been made and it was found that the most crucial condition to maintain PBS integrity, in addition to high ionic strength, is temperature. We have found that it is important that isolations be done at about 20 to 23 C, and that the phosphate buffer content be at 0.75 M (pH 6.8). The simplified procedure described here gives high PBS yields from red and blue-green algae thus far tried. These PBS exhibit the best energetic coupling of any obtainable, and are '
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MATERIALS AND METHODS
All of the unicellular algae were cultured in liquid media, supplied with 5% CO2 and air, with shaking and continuous illumination with daylight fluorescent light (about 1,500 Mtw/cm2).
Anabaena variabilis was grown at 30 C (Katoh and Gantt, in preparation), the other blue-green algae were grown at 37 C on media as referenced: Agmenellum quadruplicatum (20) , Anacystis nidulans, Nostoc sp., and Fremyella displosiphon (23) . All red algae were grown at 18 C and the following were grown in artificial seawater developed by Jones et al. (15) The entire procedure for PBS isolation was carried out at room temperature (20-23 C) in 0.75 M K-phosphate (pH 6.8-7.0). Cells were collected by centrifugation, sometimes after settling overnight, and rinsed twice in buffer. One to 2 g (wet weight) of cells were suspended in 10 ml buffer and then broken in a French pressure cell at 10,000 p.s.i. Triton X-100 was immediately added to the broken cells, to a final concentration of 2% (or more), and the mixture was incubated for 20 min with stirring. Large fragments and cell debris were removed by centrifugation for 30 min at 25,000g. To decrease Chl contamination, the supernatant was removed with a syringe from underneath the floating Chl layer. Supernatant samples were then layered (2-4 ml per tube) on a buffered step gradient with the following sucrose molarity: 2.0 M (6 ml), 1.0 M (4 ml), 0.5 M (4 ml), and 0.25 M (8 ml Absorption spectra at room temperature were taken on a Cary 17 spectrophotometer. Fluorescence spectra were taken on an Aminco-Bowman fluorimeter equipped with an automatic corrected spectrum attachment. Emission spectra at liquid N, temperature were taken of samples frozen in an NMR tube (4 mm i.d.). For emission spectra at room and liquid N., temperatures the samples were diluted in the appropriate concentration of K-phosphate to a protein concentration of about 35 yug/ml which corresponds to an absorption of up to 0.1 A units for the predominant phycobiliprotein.
Chl estimations were made according to Arnon (1). Protein concentrations were determined by the method of Lowry et al. (19) , using BSA as a standard.
Phycobiliproteins from PBS were partially or completely separated according to the methods previously used in this laboratory, or as identified by published spectra (Table I) . 
RESULTS
Isolation Conditions, and Characteristics of Intact PBS. In assessing the pigmented zones of the isolation gradient by absorption it was found, as previously reported (6, 11, 17) , that A great diversity is exhibited from one species to another and reflects different phycobiliprotein types and proportions. The A of the principal phycobiliproteins are marked in each species with PE A ranging from 498 to 567 nm, PC from 610 to 630nm, with overlaps of APC which peaks at about 650 nm. All species contained APC and PC, while some also contained PE. Table I gives a list of species from which PBS were isolated and their phycobiliprotein composition including some of the known types of PE and PC. Presence of PE in Nostoc sp. and F. diplosiphon (2) was dependent on the predominant wavelength under which cultures were grown because these species readily undergo chromatic adaptation. In fluorescent white light, which has a high output in the green region, PE was formed (Fig. 7) whereas when both of the above algae were cultured through many changes in continuous red light, PE was not produced (Fig. 5 ). These were the only two species, of those listed in Table I , which were capable of complete adaptation to wavelength.
Fluorescence emission spectra of PBS from various algae are shown in Figures IB through II B . The major emission peak always occurred at about 670 to 675 nm at room temperature, and at 678 to 685 nm at liquid N2 temperature. This was also the case in P. cruentum (8) , in A. variabilis, and Nostoc sp. grown in white light (11) . The emission wavelength of intact PBS is generally independent of the exciting wavelength. Tight energetic coupling between the phycobiliproteins of the PBS is also indicated by the relative lack of fluorescence loss from PC and PE. All preparations examined were well coupled by this criterion, but the most tightly coupled PBS appeared to be those from red algae. The major emission peak in the reds was generally more symmetrical than those of the blue-greens which often revealed shoulders at 660 nm, particularly notable in A. nidulans (Fig. 3B) , and P. persicinum (Fig. 9B) . Such asymmetrical emission peaks suggest the presence of several components with about equal fluorescence intensity. Examinations of the preparations at liquid N2 temperature were made to try and resolve the components. Instead of two or more expected major peaks, only one or two minor additional peaks were sometimes revealed at 650 to 660 nm (Figs. 1B-7B, 9B, 1 1B) .
Additional minor peaks were not only found in those species with an asymmetrical peak, but also when the major peak was symmetrical (Figs. 2B, 4B, 6B ). The apparent discrepancy of the emission spectra at two temperature extremes is not yet understood, but the results at -196 C may be due to PBS which are energetically more tightly coupled, or to the effect of freezing.
PBS' integrity is affected by temperature. Their isolation at 4 to 10 C was not possible in most species, and only phycobiliprotein aggregates were recovered in the upper or middle sucrose layers. They were not tightly coupled, as shown by emission loss through PE and PC, and sometimes APC (at 660-665 nm). An unusually clear example is provided by R. marinus, where PBS isolated at room temperature (Fig. 11) had a full pigment complement and emission at 675 nm. A preparation isolated at 4 C under the same of PBS isolated from Rhodosorus marinus at 23 C (Fig. 11) , and of phycobiliprotein aggregates at 4 C (Fig. 12 ).
conditions yielded a PE-PC complex; it showed a substantial reduction in 650 nm absorption (Fig. 12 ) and an enhanced emission at 643 am, both indicating the loss of APC. Dissociation Patterns of PBS. Uncoupling of PBS can occur between two or more pigmentsi with the rate being affected by the susceptibility of the pigments to lowered ionic strength. Examination of fluorescence emissions of dissociating PBS has revealed multiple peaks suggesting uncoupling at one or several points. The following emission forms and points of uncoupling can be noted in the various algae:
PE575 PC"C0 PC6so APC660 PE release does not always progresm either in P. cruentum (Fig. 13 ), or wi (Fig. 16) . In P. sordium (Fig. 14) ¢provement over the original procedure and its modifications (6, 11, 17, 18, 21, 22) . The main criterion used in assessing well coupled PBS is the fluorescence emission at 670 to 675 nm at room temperature, and 678 to 685 nm at -196 C. This emission was obtained in all 13 species, providing that the entire isolation was carried out at room temperature, including the centrifugation on the sucrose-phosphate step gradient. It has been noted that the sucrose step gradient can be omitted (21) , but this depends on the intended purpose of the PBS preparation. The step gradient, and additional subsequent purification steps are required for removal of free phycobiliproteins, solube Cyt, adhering proteins, Chl, nucleic acids, and carbohydrate storage products (particularly in the blue-green algae). For example, small amounts of Chl can easily account for the reported PC and APC variations between PBS from early and late log phase cultures (21) . 550 600 650 700
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